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SUMMARY

A statistical analysis of vertical velocities at second wheel to
touch was made from photographs of 353 landings of transpoti airplanes
at Washington National Airport. The effects of gusts, ro13ing direction,
and number of engines are presented. Comparisons are made tith vertical
velocities of the first wheel to touch (NACA TN 3194) .

The results of the statistical analysis indicated that the proba-
bility of equaling or exceeding a given high value of vertical velocity
was slightly greater in any given landing for the second wheel than for
the first wheel to contact. Gusty wind conditions had the effect of
increasing the vertical velocities for both the first and second wheels
to contact. The effect of the direction of rolling was such that the
probability of equaling or exceeding a given high value of vertical
velocity was greater for the wheel toward which the airplane was rolling
just priorto initial impact. There appeared to be no correlation
between the relative vertical velocities of first and second wheels to
contact and the ratio of wheel tread to radius of ~ation such as would
be expected from theoretical considerations.

/ INI!RODUCTICN

In reference 1 statistical information was presented on vertical
velocities, forward speeds, roll angles, and rolling velocities for the
first wheel to contact during landings of transport airplanes in routine
daytime operations at the Washington National Airport. This information
was obtained by photographing the landings with a specially built motion-
picture camera. Theoretical calculations of reference 2 indicated that
under some conditions the vertical velocity for the second wheel to touch
may be higher than for the first wheel. The photographic records obtained
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in the investigations of reference 1 were reevaluated to obtain these
data. Since the photographic records were terminated shortly after the
first wheel contacted the runway, records of the second wheel to touch
were not always obtained. In fact, in only 353 of the 478 landings
reported was the second wheel to contact in the picture; and of these
353 ~~us, OU 3~ Wdthe Velocities of the first and second wheel
to contact and the rolMng direction at first contact available simul-
taneously. Rolling velocities or ro~ angles could not be obtained for
the second wheel to contact since, in a considerable number of cases,
the first wheel to touch was still in contact with the ground. Hence,
possible oleo strut deflections prevented the determination of these
-r parameters. The horizontal velocities for the second wheel to
touch were about the ssme as those of the first wheel to touch. The
statistical data on horizorrkl velocities for the first wheel to touch
can be found in reference 1. The purpose of this investigation is to
present the statistical itiormation on the vertical velocity of the
second wheel to touch and to compare these data with those for the ftist
wheel to touch.

S-YMBOIS

@x ratio of semitread to roUg radius of gyration

v ve~ical velocity, ft/sec

%5
skewness factor

, a standard deviation, ft/sec

P rolling velocity, deg/sec

@ roll.angle, deg

Subscripts:

1 first-wheel-contact condition

2 second-wheel-contactcondition

APPARATUS AND MBTHOD

The Ss-millimetermotion-picture camera with which statistical.data
of the landings were obtained is shown in figure 1. The shutter speed
was 1/600 second and the film speed was 25 frames per second. The camera .
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NACA TN 3610 3

bad a 40-inch-focal-lengthlens and was mounted on a plate which could
swivel only in azimuth. The swivel post was rigidly and permanently
attached to a trailer frame. Each corner of the trailer frsme was sup-
ported by a jack that permitted adjustment of the vertical angle of the
lens optical axis. By means of these jacks and screw attachments on the
lens barrel, the lens optical axis could be accurately leveled at all
points of the camera traverse.

Statistical data were obtained from landings of the transport air-
planes for which general specification information is given in table I.
All data in the present analysis were obtained from landings on runway 33
at the Washington National Airport. The camera was located 800 feet
from the center line of the runway in line with the region on the runway
at which the greatest nmiber of touchdowns were evidenced by the concen-
tration of tire marks upon the runway surface.

Values of vertical velocities were determined by measuring the
vertical distance through which the wheel’image moved in the the inter-
val of the five motion-picture frames immediately prior to second-wheel
contact, which is equivalent to 4/2> second. Corrections were applied
to the results to account for the distance from the image to the lens
optical axis, and the distance from the camera to the airplane wheel.
Complete descriptions of these corrections and the formulas used sre
available in reference 3. With the corrections applied to the results,
the probable error of the verticsl veloci~ is conservatively estimated
to be within iO.30 foot per second.

PRESEN’lYWIONOF RESUUTS

The overall results of the statistical analysis canbining all flight
conditions and airplane types are presented in figure 2 as frequency
distributions of the vertical velocities V1 and V2 of the first and
second wheels to contact, in figure 3 as a frequency distribution of the
difference in velocities V2 - Vl, and in figure 4 as probability curves

for V1 and V2. Other pertinent results are given in table II. The

probability data were reduced to Pearson type III curves with the aid
of charts presented in reference 4. The experimental probabilities are
sho~.min figure 4 (and subsequent figures) for the same class intervals
that were used in the corresponding frequency-distributioncurves to
indicate the fit of the Pearson curves to the data.

The effect of gusts on vertical velocities is shown in figures ~
and 6. The presence of gusts at the time that the landings were photo-
graphed was determined from airport hourly weather reports.
nition of gustiness as used herein is in accordance with the

The defi-
criteria of
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reference 5, which defines gusts as sudden, intermittent increases in
wind speed with at least a 10-mile-per-hour (9-lmot)variation between
peaks and lulls. The peaks must reach at least 18 miles per hour
(16 lnmts) and the average time interval between peaks and lulls should
usually not exceed 20 seconds.

The effect of the direction of rolling velocity at the time “ofthe
first wheel to contact on the vertical velocities V1 and V2 is shown
in figures 7 and 8. RoU”ng is labeled in the figures and table II as
positive (+) when the airplane is rollingtoward the first wheel to
contact and negative (-) when the airplane is rolling away from the first
wheel to contact.

Presented in figure 9 is a comparison of the vertical-velocity
probability curves obtained from the measured data for the first- and
second-wheel contacts, separated into four-engine- and two-engine-airplane
categories. This separation was made because theoretical considerations
(ref. 2) indicated that the ratio yt/kx has a substantial effect on the

relative severity of the impact velocity of the first and second wheels
to contact in landing. The values of the ratio yt/kX of 0.7to 0.8

for the four-engine airplanes are appreciably different from the values
of 1.0 to 1.2 for the two-engine airplanes. ,

A tabulation of the statistical data used in this paper Is given
in table III.

DISCUSSION

The results of figure 4 indicate somewhat higher vertical velocities
for the second wheel to contact than for the first wheel. For example,
for a probability of 0.001 the vertical velocity for the first-wheel
contact is 4.5 feet per second, while for the second-wheel contact it is
5.2 feet per second. The average vertical velocity, however, was practi-
cally the same (about 1.4 ft/see) for each wheel (fig. 2).

Gusty wind conditions had the effect of increasing the vertical
velocities for the second wheel to contact (fig. 5). This result was
also found in reference 1 for the first wheel to contact. The results
for both gusty and nongusty wind conditions (fig. 6) indicate that, as
before, higher vertical velocities occur for the second wheel to contact
thsm for the first wheel. For example, for a probability of 0.001 the
vertical velocities are 4.9 feet per second and 3.7 feet per second for
gusty and nongusty wind conditions, respectively, for the first wheel to
contact, and about 5.5 feet per second and 4.1 feet per second for gusty
and nongusty wind conditions for the second wheel to contact. The average

.
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value for VI and the average for V2 were about the
wind conditions (1.5 ft/see) and also in nongusty wind
(1.2 ft/see). (See table II.)

5

same in gusty
conditions

A factor sffecting vertical velocities at second-wheel contact is
the direction of rolling at first-wheel contact (fig. 7). When the air-
planes are rolling toward the first wheel to contact, the average value
for V2 (1.30 ft/see) is appreciably less than for V1 (1.64 ft/see).
With the airplane rolling away from the first wheel to contact, the
average value for V2 (1.53 ft/see) is appreciably higher than for
VI (1.20 ft/see). The probabili~ of exceeding a given high value of
velocity is also higher for the first wheel than for the second wheel
with positive roll, but with negative roll it is lower for the first
wheel than for the second (fig. 8). For instance, the probability of
exceeding a velocity of 4 feet per second is about 0.00k6 for the
second wheel and about 0.0058 for the first wheel with positive roll,
and about 0.00% for the second wheel and 0.0025 for the first wheel
with negative roll.

From the statistical data shown in table II and figure 9, there
appears to be no definite correlation associated with the factor yt/kX.
The average vertical velocity is about the same for first or second wheel
to contact for the two-engine airplanes and somewhat higher for the first
wheel than the second for the foux-engine airplanes. In both cases,
however, the probability of ecpaling or exceeding a given high value of
vertical velocity tended to be somewhat greater for the second wheel
to contact than for the first. Apparently, the effect of the differences
in yt/kX is masked by other factors such as bank angles and rolling
velocities at initial contact, side drift, landing-gear ener~-
dissipation efficiency, and so forth.

CONCIJJSI&S

A statistical analysis of the contact conditions of the second wheel
to contact of 353 transport airplane landings in routine daytime opera-
tions has been made. This study has led to the following conclusions:

1. The probability of equaling or exceeding a given high value of
vertical velocity was somewhat greater in any given landing for the
second wheel than for the first wheel to contact.

2. Gusty wind conditions had the effect of increasing the velocities
for both the first and,second wheels to contact.

3. The effect of the direction of rolling was such that the proba-
bility of equaling or exceeding a given high value of vertical velocity
was .geater for the wheel toward which the airplane was rolling just
prior to initial impact.

-. . . . .. . . . ....— ——.—. ..— ..— —. —— —.— — .—-———- —.————— -—-—— –- —--
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4. There appearedto be no correlationbetween the relative
vertical velocities of first and second wheels to contact and the ratio
of wheel tread to radius of .gration such as would be expected from
theoretical considerations.

Iangley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Va., October a, 1%5.

1.. Silsby, Norman
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TABLLE I

GERERAL 8PEC~ICMTION DATA FOR TRAN2PCFT MRP&UYES

I

I

I

Mrp3.eJle

A

B

c

D

E

F

G

H

I
J*
J*
K

Number

of.

e-s

l?wo engine

Two engine

Two engim

Two engine

Two engine

Four engine

Two engine

Four e@.ne

Four engine

Four engine

Four engine

Far engine

@BB

might j
lb

l~,yxl

27,003
31,000
;%%

D,oco

kl,p
107,OW
120,Cal
t?a,cmo
L03,000
142,>@3

wing
erea,
Sq f-t

547

?0

1,36C
M

1,463

817
1,65J3
1,650
1,463
Q63
1,769

hdmum =ssible

dug loading, L9naing Wa3bt ,

Djsq ft lb

32,0 33,0CQ”
27.3 &3, Mlo

32.0 29,0wI
33.0 45,003
47.2 42,003
49.8 63,5(II

51.1
64.9
72.7
60.0
70.4
80.5

39,8m
85,x%3
S%,0CY2
n,cm
88,cm
121,700

%mc type of plain - different allove.ble loads.

Maill-u.le

tieel trefd,
f-t

B.5
28

~ nit
cmfficlent,

condition

2.12
1,$6
2.C4

2*E9

2.78
2.42

2.36
2.54

2,”9
2.57
2.60
2.42

----
1.01
----
----
----

----

1.X3
.73

----
,69

----
.74

-1



M Average

condition
wheel to Number of Vertiaal vertioal 8tSnd8M Skew’lless

0011t80t lanainga vel.mib, Velccity, deviation, fmtoi-,

-, ftfm.v v~v, ft/seu u, ft/BOc ~3

C18.90ified eccordin.g to gust condition

Second

1%

4,B 1. 7

1.?4

0.81 1.09
Total Flint k.p .73 .70

EaOond 205 4.B 1.73 .87 1.01
O’u8ty Fimt 232 4.5 1.57 .8o .73

e%cvmd 147

J
3. 7 1,1.6 ,63

Nongmt y Ftiat lea l.~ .64 :fi

Ole.satiied WJomding to number nf .mginee

B90csla W 4.49 1.46 0.81 O.ea

Two engine Flint li?a 4.03 1,46 .76 .82

Seconll lyi? :.;

.Z ‘ ::;

.82 .W
Four englra Fkst 132 .75 .67

CMssified acaording to direction of roil

i?aoond. 194 4.37 1.3-0 0.78 0.$0

Total roll (+) First 194 4+5 1,64 .73 .82

%Cmd IJ8 4.49 1$53 .9 .42
Total roll (-) First 1.18 4.03 1,20 .70 1.04 E

&cond 31.2 4.k9 1.40 .82 .84
s

Total Flint 312 4.56 1.47 .76 .77 .=

u
m
P
o
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TABLE III.- TKWIATION OF DATA

L-&m@= ~ G-P m m !&
ftJsec ftJsec h &i. “ ~

k B 2.W
8

2.W —
A

—
l.bg

—
o

x

9 E :2 -.9
1.6

1.W
—

.6
x

U E 1.37
--

1.44
x

14
-1.0

0 L12
—

l.al ::
x

-2.7 — x

m A 2.=5 -2.7
? 1:;

2.: x —

a
-. x

2.X

i
B
0 1= :% : % : z

2s F l.lb
m

1.22
z 1.57 l.f% -::7 ::Z ; z
E

z
2.33 ul

Q
-1.8 1.3 x

1.6
—

1.23
33

— -—
E

x
2.al

—
2.12 “ -Lb .1 x —

* E
35

3.62 3.6
J

2.6 x
1.23

—

52 :
-z 1.3 x —

— 1.33 —
E

— x —

z
1.U

J 77 .69 72
x —

7 x —

F
z

1.9 1.43
u

2.0 .8 x
1.s3

—

m
2.52

a
.6 2,0 x

l.m
—

E
-L1 .6

1:%
x

l.kl
—

%
—

J 1.27 :6 7
x

.21 — x

9 Q La
E

% E :2 ::5 ‘-: -; : :
59 F

-L

61 E :~ 1::
—

2:
x

-.8 -— x

62 E 2.k.4
65

2.20 -.
A

3 .> — x
1.93

70
I.& 0 1.0

0
— x

1.12
72

.q
H al -2

0 — xx.

w E -%
—

-97 -.2 79 — x

A 1.10
2

l.ce .2
0

1.5 -— x
M9 L&2 .3 -.

B
5 — x

i

.49
E :2

.~ -1.2 -— x

a Leo i?? -:b ‘.l
—

-1.0

55 J 2.76
97 J .43 ::! -:? i: ; :
w B -— —
lm

—
a

—
2:51 -—

m J Yn
x —

2.(% -.1 z x —

m J 2a? -1.7
B l:?i

x .

115 E
0 s ~ :: ;;; : E

El a ~16 -2.0 x —

Iz2 J
m

2.19
0 .n IIj :~ -5 : z

~ J
-1.2

a X
x —

1.16
1* E

-3.2 2:; x —
1.93 2.26 .1 -.‘7 x —

m 0 1.Q
1%

-1.8
1

2.2J %! -.b :; : E
2.5

lba 0
-1-1

M2 B 1.% 1.W -.3
145

—
E

x
.72 .63 --l 1:2 — x

Me F 1.69 .21
J+9

-1-1
F

1.2 — x
.35 .&

w
.5 -1.1 --

B
x

.ea .m -.6
153

2.8 —
B

x
.9 U9 .9 0

V7 E
— x

.93 .53 .4 1.5 — x

E 2.6 2.31
i%

.6
E

.3 — x
2.23 .81

J
—

.% ‘.8 L:
x

-—

ii
E

— x
L-m 1.72 z; -. —

B
x

1.C6 -w — -1.4 -— x

* J 1.47 -.
170

9 1:: -—
0 1:3

x
-.

172
—

i~
x

2.69
176 :

: -1.6 — x
L27 -23

172 a
-9 — x

l.al 1.14 — -— — x

9

.. —.-.. .. . . ___ ._ ._. —.—— ___ .. ..— ..—
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TABLE IIZ.- TABUIATION OF DATA - Continued

-

—
—
—
—
—

—
—
—
x

x
x
x
x
x

x
x
x
x
x

x
x
x
x
x

x
x
x
x
x

x
x
x
x
—

—
—
—
—
—

—
—
—
—
—

—
—
—
—
—

—
—
—
—
—

—
—
—
—
x

x
x
x
x
x

x
x
x
x
x

.
x
x
x
x

‘Yrtme ‘7’.ftCQc

1.e.5

w
a
.39

%

La
1.%?

i%
La?

.%

.59

l..

2.93
L.SJ

L&2
3.-ii
Lk3

?Z

3
l?.m
U5
2.61

2.27

i:
3X)
LB

&

-23
-w

1:%
1.32
3.37
2.bl

U3
I&O” .
L1-r

s

L43
L-m
Lb3
Liz
.35

‘#l&

-1.0

4L
--0.>
-.

la

m
U?6
ml

-
1.65
J2
.22
~w
.63

B
Q
I
?
B

F
A
T
o
E

J
r
B
E
F

o
E
E
E
P

x
x
x
x
x

-1::-.6

;5
-1.0
-2.9
3-9

lo9 .6
1.2
2
.8
2.6

x
x
x
x

16
12
19$
1s9

1.22 -.8
-—
--
—
—

Al
.40
.33

.4
-.
-.:

-.3

-.1
-.
.;

.4L59 —
—
--
—
—

l--m
L@
l-%

Las
3-93
2.%

-.3
-1-1
u

-.7
-al
-as

-2.0
La
-.b

E
E
B
J
.0

J
J
F
F
0

F
E
1
0
0

.1
1.1
I-9

—
—
—
—
—2-W -3.k Lo

— —
—
—
—

23 -3.6 1.7
—

LIEl -la .4
—

YJ!
L*
2.C6

Al
2.4’4
L76
.54

L*

al
-2.3
-3.3
-3.7
.7

-.9
-.2
2

-.5
-1.3

-$

-R
.2

-2?
-1.J2
-.5
-L2

-1..1

.3
-1.5
.2

-2.6
.8

.—
—
—
—
x

F
J
?
J
J

0
J
E

:

P
E
H
E
P

-.
.;
.8
-.9
1.0

x
x
x
x
x

-1.g

i;
L

-J?

x
x
x
x
x

2
-70

1.40

x
x
x
x
x

.0
-L8
L1
.3

.bE
B
E
A
E

T
0
B
a
B

x
x
E
B
0

J
B
E
n
x

J
J
E
J
A

1.%2 x
x
x
x
x

—
2$.5
l-m
L@

-1.1
-1.4
.8

4..0Lm
.40

-.5
-2.0

x
x
x
x

—

1.b3
l.d
2.8+
Lffi
2.53

l-%
.ti

1.93
2.23

1.45
2.97
&12
.93
.kk

L.>
2.6

25
-2.9

0
-.k

if
-1--1

-.s

-i-
-.6
-.s

—
—
—
—
—-L3

.6

A
-L6
-1.7
2.0
Q

—
—
—
—
—

L
A
L6
.7

-2.3

—
—
—
—
—
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TABLE III.- TABUIATIOIVOF DATA - Continued

E
E
E
o
0

F
o
B
J
E

B
E
F
J
E

o
E
o
0
0

E
J
0
0
r

Ii
B
F

;

J
a
?
E
E

F
E
H
E
J

J
J
E
E
E

o
F
J
a
c

E
o
I
r
A

E
o
0
B
F

‘Yftna

2.37
-97

::5?
2.22

1.U
1.IJ.
.@
.m

1.9

A>
1.91
1.s0
1.Y3
l.a

u+
1.29
1.b3
1A3
3.0$

1.3s
1.91
2.93
2.32
2.2?

42

1.05
1.35

1.4
::
.s
2.33

;::
3.1

1.6s
.oi

2,52
1.37
1.03
1.78

2.19
2.67
:2

1.*

1.71
Lb9
1.21
1.17
1.U

1.22
2.0$

::3
l.m

Lg

m
.&
.81

‘::

in

‘Tft sea

2.03

iii
2.5%

.65
1.62
.G3
l.fl
3.14

.55

.24

?2
.24

.6!3
LIZ

2.-R
2.19
2-P

3:%
l.&?
l.a
2-76

~g

:2s
1.V

1.s
Lg

1.21
1.32

I:E
2.S%
1.3s
2,33

2.73
1.U3
2.31

:8

1.11
3.31
1:$

1.37

.97

::E
1.0s
1.09

2.b3
L61
.77
1.42
l.m

1:%
.27

1.W
Au

Hj

1.07
.33

1.C6
L&2
.@
.b2
.44

-0.3
-.6
-.3

2;

-1.5
-~:

-Lb
.6

.5
-1.9
-.1
-2::

-2.8
-2.1
-.9
-1.5
-.9

0
-1.5
-2.3
1.6
-2.8

.4
-.6
-.9
-1.1
-.2

-1.5
-.
-.;
1.4
.3

-.1
-1.2
2.0
-2.4
-.1

-1.3
.2

-.6
-2.0
-1.6

-.8
-.5
-.
-.:

-1.k

-s8
-1.1
-.5

.3
-2.2
-1.6
-1.4
-.8

-2.1
-.
-.

“;-.

::.;

.6-.
-1.9
-2.9

-.1

-;:7
-.2
-1.1

&z
0.8
-1.6
1.5
.7
.3

1.6

ii

-:.9

.3
2.1
-.
-.2
Lo

2.6
6

-;:1
4..6
.2

-:;
2.5
-.2
2.1

1.6
-2.7

1?

-1.4
.h

-1.3

L

-.6
2
-.3
-1.1
.2

1.5
2.0
-1.1
.5
-.1

—-
-.1
-.

.;

.4

.1
-.
1.+

.?
-.

-1.
-. i
-.
-. ]
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